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We investigate the pulse partitioning of a 6.3 mJ, 450 fs pulse at 1030 nm to produce plasma
channels. At such moderate energies, splitting the energy into several sub-pulses reduces the ion-
ization efficiency and thus does not extend the plasma lifetime. We numerically show that when
sufficient energy to produce multifilamentation is available, splitting the pulse temporally in a pulse
train increases the gas temperature compared to a filament bundle of the same energy. This could
improve the mean free path of the free electrons, therefore enhancing the efficiency of discharge
triggering.
I. INTRODUCTION
Laser-induced ionization is a key step in many appli-
cations of ultrashort laser pulses, including laser abla-
tion [1, 2], laser-induced breakdown spectroscopy (LIBS)
[3, 4], fast electric switching [5, 6], or the control of high-
voltage discharges [7–9] and lightning [10].
Optimizing the efficiency of these processes requires to
maximize both the ionization yield and the free electron
lifetime which can be improved by heating the surround-
ing gas. Using sequences of multiple pulses have been
shown to be relevant in this purpose, in the case of LIBS
[11], laser ablation in solids [12, 13] or dielectrics [14],
and filamentation.
Such effort is especially relevant in the case of laser
filamentation, a non-linear propagation regime typical of
high-power ultrashort laser pulses [15–17]. An interplay
between focusing by the Kerr effect and defocusing effects
including ionization and the saturation of the Kerr effect
[18, 19] ensures intensities in the range of several tens of
TW/cm2 over long distances [20, 21].
Multiple pulses can increase the ionization yield and
free electron lifetime through different processes [22], in-
cluding by triggering avalanche ionization [23], photo-
detaching electrons from O−2 ions [24] resulting from the
electron attachment on oxygen molecules, or creating a
plasma with a first pulse and heating it with subsequent
pulse(s), by Joule heating (or inverse Bremestrahlung)
enhancing the cascade ionization efficiency [25].
However, most results reported to date investigate the
effect of adding one or several subsequent pulses to a
main pulse. Such addition can only result in an in-
crease of the observed effect. For example, launching a
frequency-doubled YAG pulse of 7 ns duration at 532 nm
together with a near-infrared (800 nm) pulse significantly
increased the probability of triggering a discharge over
1.2 m, lowering the median breakdown voltage by at least
5 % [25–29]. Alternatively, a 60-ns long sequence of over
30 pulses, with a total energy of 120 mJ, maintains the
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ionization over a duration comparable to the sequence
itself, each pulse interacting more or less independently
with the plasma [30].
In contrast, in the present work, we consider a laser
system with a fixed total energy and we aim at optimiz-
ing the ionization with an optimal temporal partitioning
of the pulse energy. This is in particular characterized
by the relative energy splitting and the delay(s) between
sub-pulse(s). Such situation has been well investigated
for nanosecond pulses with microsecond interpulse delays
[11]. In the case of ultrashort pulses, it has been only ad-
dressed in one particular situation: splitting a 30 mJ, 30
fs pulse into two sub-pulses separated by 7 ns decreased
the ionization as characterized by acoustic signal, and
had no impact on the pulse ability to guide electric dis-
charges [31].
Here, we investigate the effect on the ionization yield
and the lifetime of the resulting plasma of splitting an ul-
trashort laser pulse of several mJ into a pulse train of two
sub-pulses with arbitrary relative intensities and delays.
Furthermore, based on numerical simulations, we show
that at a higher energy allowing multiple filamentation,
a sequence of filamenting sub-pulses increases the tem-
perature of the heavy species, as compared to the bundle
of multiple filaments with the same energy. This could
improve the efficiency of discharge triggering.
II. MATERIAL AND METHODS
We used a chirped pulse amplifier (CPA) laser system
based on a Yb:CaF2 crystal as gain medium. The system
delivers 450 fs FWHM pulses with a central wavelength
of 1030 nm and a spectral bandwidth of 5 nm at a 10 Hz
repetition rate. The total output energy of the system is
6.3 mJ. As sketched on Figure 1, it can be split between
one to four pulses with arbitrary amplitude ratios and
tunable delays between the pulses over a range of 10 ns,
limited by the length of the regenerative amplifier cavity.
To achieve that purpose, the oscillator outcoming pulse
is split into multiple pulses by a series of tunable passive
beam splitters. The pulses are then recombined and am-
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Figure 1: Experimental setup. blue WP: half-wave plate; green PBS: polarizing beam splitter.
plified in the regenerative amplifier. The Yb:CaF2 crystal
has a saturation fluence of 73 J · m−2 (as compared to
1 J · m−2 for Ti:Sa) [32, 33, Chap. 11]. This very high
saturation ratio allows the train of pulses to be amplified
without modifying the relative amplitudes while extract-
ing the maximum available energy. The output beam of
the laser has a diameter of 6 mm and anM2 of 1.22. The
peak power obtained is 13.7 GW, above the 7 GW crit-
ical power [34] for filamentation at this wavelength [17].
To help self-focusing and to keep the focus at the same
position independently of the energy of the individual
pulses, a f = 50 cm lens is added after the laser ampli-
fier. In this work, we focus on the effect of splitting the
energy into two subpulses as the intensity was too weak
for filamentation in the case of three and four subpulses.
To measure the effect of the laser filament on conduc-
tivity, two 2.5 cm square electrodes were placed in the
beam, with holes allowing the beam to propagate through
the center of the plates without touching the electrodes.
One electrode is connected to a DC HV power supply
that provides up to 25 kV. A C = 150 pF capacitor is
placed in parallel to the HV power supply to act as a
charge reservoir. The other electrode is placed 1–3 cm
apart from the first one, centered on the filamenting re-
gion and grounded. A R = 15 Ω resistance is placed
in series to probe the current flowing from the electrode
to the ground. A DPO 7254C 2.5 GHz bandwidth os-
cilloscope is used to record the signal. The recording is
triggered with a photodiode aiming at the beam dump
after the electrodes and the data has been analysed using
Matlab.
We checked that the time-integrated measured inten-
sity, i.e. the total collected charge, is proportional to
its maximum value. This ensures that the initial charge
of the capacitor is only marginally depleted, so that our
measurements are indeed representative of the air ioniza-
tion in the plasma, and the measurements do not impact
the measured plasma lifetime. In the following, we use
the maximal value of the signal as a measurement of ion-
ization.
The error bars were estimated from the variability of
the electron yield with full laser power over a whole day.
We attribute them mainly to the environmental changes
in the laboratory (relative humidity and temperature),
as well as laser fluctuations.
The free electron lifetime was defined as the longest
time interval over which the electron density was kept
over 1.6×1020 m−3. This threshold density is typical of
that of a leader [35]: the lifetime corresponds to the typi-
cal interval over which the plasma left behind by the laser
would have a substantial influence on the atmospheric
electricity behavior. One may note that this threshold
is equivalent to 10% of the peak value for a single pulse
containing the full 6.3 mJ energy of the laser.
Modeling. In order to better understand the observed
results, we modeled the evolution of the plasma under
multiple pulse illumination. The evolution of the elec-
trons density is driven by [7, 36]:
dNe
dt
= Rcol +Rav +Rion
− Rep −Rat +Rpd (1)
where
Rcol = αNe (2)
Rav =
1
ω20τ
2 + 1
q2eτ
cε0meUp,O2
ILNe (3)
Rion = NMolW (IL) (4)
Rep = βepT
−0.7
e NeNp (5)
Rat = (η2 + η3)Ne (6)
Rpd =
NnσO−2
IL
~ω0
(7)
where W (IL) describes the probability of ionization cal-
culated with the Perelomov, Popov, Terentev (PPT) for-
mula [37] and IL is the incident laser intensity. The terms
explicited in Equations (2) to (7) account for collision ion-
isation, avalanche ionization, probability of ionization,
electron-ion recombination, attachment, and photode-
tachment, respectively. In the collision ionization term,
τ = 1/νen = 1/
(
10−13NMol
√
Te,[eV ]
)
is the inverse of
the electron-neutral molecule collision frequency. Two-
and three-body electron attachment to oxygen molecules
3respectively occur at rates [7]:
η2 = 1.22 × 108NMol
N0
exp
(
−42.3
E0
)
(8)
η3 = 10
8
(
NMol
N0
)2
0.62 + 800E20
1 + 1000E20 [E0(1 + 0.03E
2
0)]
1/3
× T0,[eV ]e
0.052
T0,[eV ]
Te,[eV ]e
0.052
Te,[eV ]
(9)
The collision ionization rate α is given by [36], display-
ing a very fast rise as a function of the temperature. All
parameters are summarized in Table I.
Similarly, the evolution of positive and negative ion
densities, respectively, writes [7, 36]
dNp
dt
= Rcol +Rav +Rion −Rep
− βnpNnNp
(
Tg
T0
)−1.5
(10)
dNn
dt
= Rat −Rpd − βnpNnNp
(
Tg
T0
)−1.5
(11)
The last term in Equations (10) and (11) accounts for
ion-ion recombination, where Tg is the temperature of
the heavy species and T0 the ambient temperature.
The total electron thermal energy evolves under Joule
heating by the laser field and the external DC field, en-
ergy exchanges with the heavy species and the vibrational
energy of air molecules, the excess energy in the ioniza-
tion and photodetachment processes, losses of kinetic en-
ergy due to collision and avalanche ionization, electron
losses related to electron-ion recombination, attachment,
and transfer to molecules via impact excitation [28, 36]:
dTe
dt
=
2JL
3NekB
+
2qeµeE
2
3kB
− (Te − Tv)νev − 2(Te − Tg)meνc
Mair
+
[
RionUe +RpdUe
O
−
2
− (Rcol +Rav)UO2
]
· 2
3kBNe
− [Rep + (η2 + η3)]Te − 2NTot
3kB
Rimp (12)
where
Rimp = kN2,AUN2,A + kN2,BUN2,B
+ kN2,CUN2,C + kO2,aUO2,a + kO2,bUO2,b (13)
and µe is the electron mobility [7]:
µe(m
2/V · s) = − N0
3NTot
(
5× 105 + E0
1.9× 104 + 26.7× E0
)0.6
(14)
N0 being the molecule density at 1 atm and
E0 = EN0/NTot.
The heating rate is given by [28]:
JL =
4piq2eNeνei
mecε0 (ω20 + ν
2
ei)
IL (15)
Similarly the vibration and kinetic temperatures of the
heavy species evolve as [28]:
dEv
dt
=
3
2
NekB(Te − Tv)νev − Ev − Ev,0
τV T
(16)
dTg
dt
= 2(Te − Tg) meνcNe
MairNTot
+
2(Ev − Ev,0)
3τV T kBNTot
(17)
where the vibrational energy is given by [38]:
Ev =
NTot(~ωvib,N2)
exp
(
~ωvib,N2
kBTv
)
− 1
(18)
and Ev,0 is its value for Tv = T0, where T0 is the ambient
temperature. The cooling frequency νev is given by [28]:
νev =
QcNMol
1.5kBTe
(19)
The electron-heavy species collision rate is the sum of
the electron collision rates with molecules and positive
ions [28]:
νc = 10
−13NMol
√
Te,[eV ] + 10
−11NpT−1.5e,[eV ] (20)
Finally, the vibrational-translational relaxation time
τV T is [38]:
τV T =
[
NMol ·
(
7 · 10−16 exp
(
− 141
T
1/3
g
)
+ 0.21 · 5 · 10−18 exp
(
− 128
T 0.5g
))]−1
(21)
Hydrodynamic as well as the spatial dynamics induced
by the external DC field are not considered in the present
work.
III. RESULTS AND DISCUSSION
Experiments. As displayed on Figure 2, partitioning
the pulse energy into a dual pulse reduces the ionization
yield, regardless of the delay. In the power range of our
experiment, the peak density of free electrons is governed
by the power of the stronger pulse without significant
contribution from the weaker one, that does not contain
enough power to create a filament. The main action of
the weaker pulse is to slighty heat up the gas.
At energies below 3 mJ, the beam remains below the
critical power, so no filamentation occurs any more and
the intensity decreases. As the ionization is highly non-
linear, the electron yield drastically drops down below
the detection threshold.
4Table I: Notations and parameters of the model.
Symbol Meaning Value Reference
α Collision ionization coeff. [36]
W (IL) Probability of ionization [37]
kB Bolzmann’s constant 1.38× 10−23 J/K
ω0 Laser frequency 2.3546× 1015 s−1 (λ = 1030 nm)
IL Incident laser intensity
T0 Ambient temperature 300 K
T0,[eV] Ambient temperature in eV 0.026 eV
Mair Average mass of air molecules 4.7704× 10−26 kg
N0 Density of molecules (normal conditions) 2.688× 1025 m−3
qe Electron charge 1.6× 10−19 C
me Electron mass 9.1× 10−31 kg
σO−2
Photodetachment cross section of O−2 3.8× 10−23 m2 [24]
βep Electron-ion recombination coefficient 1.138× 10−11 m3/s [7]
βnp Ion-ion recombination coefficient 2.1792× 10−13 m3/s [7]
η2 2-body attachment coefficient See Eq. (8) [7, 36]
η3 3-body attachment coefficient See Eq. (9) [7, 36]
~ωvib,N2 Quantum of vibration of N2 0.29 eV (4.64× 10−20 J) [40]
UN2,A Energy of the N2(A
3
Σ) state 6.2 eV [36, p. 13]
UN2,B Energy of the N2(B
3
pi) state 7.35 eV [41]
UN2,C Energy of the N2(C
3
pi) state 11 eV [42]
UO2,a Energy of the O2(a
1
∆) state 1 eV [36, p. 14]
UO2,b Energy of the O2(b
1
Σ) state 1.6 eV [36, p. 14]
kX Rate of electron impact excitation to state X [36, Table II] [36, p. 14]
E External DC field 10-14 kV
µe Electron mobility See Eq. (14) [7]
NTot Density of heavy species (initial density of molecules) 2.5× 1025 m−3
NMol Density of neutral molecules
Te Electron temperature
Te,[eV] Electron temperature in eV
Tg Temperature of heavy species [28]
Tv Vibrational temperature of heavy species [28]
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Figure 2: Effect of energy partitioning on the ionization
yield. The delay between the pulses is 4 ns and the
electrode gap is 3 cm.
The effect of the pulse partitioning on the free electron
lifetime (Figure 3) is to a large extent governed by the
drop in the initial electron density, that results in hit-
ting faster the streamer threshold. The asymmetry in
the curve is due to the electron density threshold used
to determine the free electron lifetime and to the second
pulse being only 0.5 ns after the first one. At the energy
levels measured here, this asymetry disapears for delays
between the pulses longer than 1 ns. Similar results are
obtained over the whole range of investigated pulse de-
lays, i.e. between 0.5 and 9.5 ns and for both electrode
gaps (1 cm, 10 kV and 3 cm, 15 kV). The decrease of
ionization appearing where the pulse is split equally also
applies for triple and quadruple pulses, where the inten-
sity is sufficiently low for the ionization level to remain
below the detection limit. The photodetachment and re-
ionization by the second pulse do not compensate the less
efficient ionization, as evidenced on Figure 4 where each
point represents the data measured or simulated in one
experimental condition, i.e. for a given energy ratio and
delay between the pulses. The set of points covers all the
energy ratio from 1:0 to 0:1 and delays from 0.5 to 9.5 ns.
The bifurcation appearing close to zero ionization signal
in the theoretical data is an artefact due to the absolute
threshold used to determine the free electron lifetime.
Monitoring the contribution of the photodetachment and
re-ionization during the simulations confirm this interpre-
5tation. Furthermore, with an energy limited to a few mJ,
the second pulse does not significantly heat the plasma.
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Figure 3: Free electron lifetime when excited by a
double pulse (0.5 ns delay), as a function of the relative
intensity between the two pulses, in a 3 cm gap under
15 kV.
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Figure 4: Free electron lifetime as a function of their
initial density. The red dots are the experimental data
points and the blue squares the simulation.
More specifically, this free electron decay is governed
by both electron attachment to oxygen molecules and
recombination of electrons. Attachment has a typical
time of 23 ns, independent from the initial electron den-
sity as the reservoir of oxygen molecules is virtually infi-
nite for the electron densities at play in the present work
(< 2 × 1015 cm−3). This attachment rate, that strongly
depends on temperature, is consistent with the values of
a few tens of nanoseconds put forward by Zhao et al. [7].
In contrast, recombination depends quadratically on
the ionization yield. Its contribution increases for larger
initial electron densities, and therefore reduces their life-
time. The typical recombination time amounts to 380 ns
for an initial electron density of 2 × 1013 cm−3: un-
der these conditions, recombination is negligible. In con-
trast, the recombination time drops down to 10 ns for the
highest initial electron densities relevant to the present
work (1.6 × 1015 cm−3).
This competition between recombination and attach-
ment also allows us to estimate the absolute electron
density in our experiment: an average free electron de-
cay time of 7 ns at 1/e for a single pulse corresponds to
1.6 × 1015 electrons/cm3.
Simulations. In turn, this calibration of the electron
density is used to evaluate the incident pulse intensity IL
for each pulse energy by inverting Equation (1) for the
duration of the pulse.
Based on this input, the model reproduces well the
experimental data (Figures 3 and 4).
Furthermore, it illustrates the effect of splitting the
pulse energy in the experiments. Figure 5a compares
the simulated free electron lineic density for one single
filamenting 6.3 mJ pulse and two 3.15 mJ sub-pulses.
As observed in the experiment, splitting the energy in
two pulses delayed with 3 ns only decreases the available
electron density. On the other hand, increasing the total
energy to 12.6 mJ by sending two pulses of each 6.3 mJ
increases more than twice the electron density than for
the single pulse and the free electron lifetime is approx-
imately doubled, as observed by [25]. Figure 5b shows
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Figure 5: (a) Free electron lineic density and (b) heavy
species temperature reached with respect to time for
one laser pulse of 6.3 mJ or two laser pulses of
respectively 3.15 mJ and 6.3 mJ each.
the gas temperature along the laser beam propagation
axis for the same conditions. As for the free electron
density, as soon as the energy in a pulse is sufficient to
create a filament, the temperature rises significantly. As
the heavy species have a long vibrational relaxation time,
the gas temperature stays high for a very long time and
leads to an expansion of the gas. This in turn allows the
free electrons to travel unperturbed on a longer distance,
increasing the discharge efficiency [28, 43].
We now investigate how the partitioning effect evolves
6for high total energies, i.e., enough energy to create 10
filaments that we can split either in time (train of pulses)
or in space (multifilament bundle). As an example, Fig-
ure 6 shows the free electron lineic density created by a
bundle of ten filaments and for a train of ten filaments
with 3 ns delay between them and the corresponding gas
temperature increase. As our interest is atmospheric ap-
plications, we consider the case of a collimated or loosely
focused beam. In this case, the individual filaments of the
multiple filamentation pattern have similar properties,
including ionization level, than a single filament [15–17].
This assumption would not hold in the case of tightly
focused beams, where the ionization and the energy de-
position increases [44, 45]. Such situation would require
to include a detailed simulation of the propagation, which
is beyond the scope of the present work.
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Figure 6: (a) free electron lineic density on the beam
propagation axis and (b) heavy species temperature
with respect to time for a bundle of 10 filaments and a
train of 10 subpulses of 63 mJ total energy.
It is very clear from Figure 6a that a bundle of fila-
ments creates less free electrons at a given time but the
free electron density is always higher than that of a sin-
gle filament. The free electron lifetime is governed by the
successive re-ionizations and is therefore comparable to
the length of the pulse train. On the other hand, each
subpulse creating one filament is depositing energy in the
same parcel of gas, increasing its temperature, whereas
the bundle of filaments deposits much less energy per unit
volume in the gas. Therefore, a train of pulses with suf-
ficient energy in each pulse to create a filament is more
favorable to trigger an electrical discharge, as the free
electron density created is high and the streamer can
propagate on longer distances thanks to the air rarefac-
tion due to the heavy species temperature increase.
Note that a more precise evaluation of this effect would
need to consider the cross-pulse influence via the ion-
ization left behind by the pulses. For example, long
pulses will influence the propagation of the subsequent
pulses [19]. This is however beyond the scope of this
present work.
IV. CONCLUSION
As a conclusion, due to the high non-linearity of the
ionization process that overrides plasma heating effects
as well as photodetachment and photo-ionization, parti-
tioning the energy of an ultrashort laser pulse of 6.3 mJ,
450 fs pulse into trains of two to four pulses decreases the
yield in free electrons. Accordingly, the plasma lifetime
during which it keeps above the typical electron density
of a leader decreases.
Trains of pulses are nevertheless efficient to increase
the free electron lifetime if each subpulse carries enough
energy to initiate a filament. Also, as the pulse trains
are very efficient to heat the heavy species, this leads
to a longer electron mean free path, which should help
triggering the discharge by allowing more electrons to
travel along the streamer channel.
We expect that our results will help dimensioning and
optimizing the pulse shape of future systems aimed at
triggering high-voltage discharges and guiding them, es-
pecially over large scales.
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